Abstract: Urban waterlogging seriously threatens the safety of urban residents and properties. Wargame simulation research on resident emergency evacuation from waterlogged areas can determine the effectiveness of emergency response plans for high risk events at low cost. Based on wargame theory and emergency evacuation plans, we used a wargame exercise method, incorporating qualitative and quantitative aspects, to build an urban waterlogging disaster emergency shelter using a wargame exercise and evaluation model. The simulation was empirically tested in Daoli District of Harbin. The results showed that the wargame simulation scored 96.40 points, evaluated as good. From the simulation results, wargame simulation of urban waterlogging emergency procedures for disaster response can improve the flexibility and capacity for command, management and decision-making in emergency management departments.
Introduction
Disaster relief operations, like war, as the basis of wargame simulations have gradually been applied to disaster rescue and management in Incident Management Systems (IMS) [1, 2] . We can look for the "optimal" result through "gaming", in both a cost-and time-effective manner. Wargame theories are used mainly in negotiations for competitive, confrontational affairs [3, 4] . The US Federal Emergency Management Agency (FEMA) has applied wargame theories in the disaster management of important development projects [5] . The Environmental Policy Institute of Taiwan developed a scenario wargames system attuned to local conditions. However, there has been limited research on the evacuation of residents from an urban waterlogged disaster area. Previous studies were mainly focused on urban waterlogging emergency management, building wargame models and establishing an evaluation system or procession rules based on the time standard [6] . The basic method of wargames is to use the board as the city disaster space, phases as the disaster evolution time, game pieces as the state of the disaster and power disposal, and dices (random number) to represent the uncertainty and complexity of disaster and management of the response. According to the scenario setting, the fight against the disaster is simulated by moves. The continuous dynamic process of urban disaster situations and management activities is simulated adhere to certain rules. Referring to game theory, probability theory, statistics and other scientific methods, a wargame could numerically simulate various disasters and human behavior. This result could reflect possible human responses and the initiation and development of disasters in a crisis environment [7, 8] . Emergency drills are also conducted [9, 10] . Conversely, a wargame can test the emergency plans, identifying vulnerabilities
Wargame Principles for Waterlogging Disaster Evacuation
The basic method of a wargame is using the board to represent the space, phases, disaster evolution, using pieces to represent disaster status, force disposal of "the enemy" and one's own side. The pieces reflect key elements of the deduction process [28, 29] . In accordance with the rules, a dice is used to generate uncertainty and complexity of waterlogging disaster status and force disposal. Based on the scenario, pieces are moved to represent the confrontation with the waterlogging condition. Through ruling, a continuous, dynamic waterlogging disaster situation is formed, reflecting the real disposal process combating a waterlogging disaster. One can use the game theory, probability theory, statistics and other scientific methods. By numerical simulation modeling of waterlogging disasters and human behavior, the development of waterlogging disasters and human responses are played out on a virtual platform. The disaster and human response can be maximally reflected in the process of simulation. As such, high risk and high value disasters are evaluated at low cost. A wargame simulation may reveal defects in emergency plans, train decision-making and command personnel, improving the management level of urban waterlogging disaster situations [30] .
Contents and Procedure of Wargame for Urban Waterlogging and Evacuation
Comprehensive plans must be made for a wargame simulating emergency evacuation of residents threatened by urban waterlogging disasters. The game designer needs to bear in mind wargame theories, disaster theories, and emergency evacuation theories. It is necessary to include the direct cause of the disaster, and also consider the status of disaster bearing body. Based on the above theories, a wargame flow is built for urban waterlogging disaster emergency evacuation. The deduction process is divided into five general phases, namely the preparatory phase, the search and rescue phase, the reinforcing and repair phase, the placement phase and the management phase (Figure 1) . the direct cause of the disaster, and also consider the status of disaster bearing body. Based on the above theories, a wargame flow is built for urban waterlogging disaster emergency evacuation. The deduction process is divided into five general phases, namely the preparatory phase, the search and rescue phase, the reinforcing and repair phase, the placement phase and the management phase ( Figure 1 ). 
Rules and Evaluation Methods for Wargames Used for Evacuation of Residents Affected by Urban Waterlogging Disaster

Deduction Rules
Wargame rules govern the movement of each piece, the outcome of the battle and the wargame. The rules must be set according to the actual property of pieces and battlefield. Military wargame rules need to be set according to realistic military force, weapon systems, equipment systems, mobility and defense force [31] . This study focused on the "game" between various emergency response units and waterlogging incidences. The rules were extracted from the long time disaster management experiences and daily exercises of local emergency departments. The rules defined the guidelines in mobilizing emergency services, relief supplies transport, traffic control, resident evacuation and confrontation ruling, including ruling methods for disaster losses in terms of lives, property, buildings, roads and other infrastructure. Scores were awarded primarily based on the ability of emergency rescue capabilities of the emergency departments and the extent of relief in the 
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Deduction Rules
Wargame rules govern the movement of each piece, the outcome of the battle and the wargame. The rules must be set according to the actual property of pieces and battlefield. Military wargame rules need to be set according to realistic military force, weapon systems, equipment systems, mobility and defense force [31] . This study focused on the "game" between various emergency response units and waterlogging incidences. The rules were extracted from the long time disaster management experiences and daily exercises of local emergency departments. The rules defined the guidelines in mobilizing emergency services, relief supplies transport, traffic control, resident evacuation and confrontation ruling, including ruling methods for disaster losses in terms of lives, property, buildings, roads and other infrastructure. Scores were awarded primarily based on the ability of emergency rescue capabilities of the emergency departments and the extent of relief in the road waterlogged regions [32, 33] . When residents meet waterlogging conditions, a ruling is made according to the attribute relationship between the resident piece and the waterlogging disaster piece, for example, evacuation of a resident must be deemed as a success or failure based on the water depth.
First, the responsibilities were defined for various emergency departments during the wargame of an urban waterlogging disaster emergency. Second, phases were set based on real conditions. Specifically, there was a starting phase, ending phase, sustaining phase and expectation phase. The starting phase was when all the emergency departments started to initiate the emergency process. The ending phase was when all the emergency departments were executing an emergency ending procedure. The expectation phase was the expected number of emergency procedures performed. The sustaining phase was the actual number of emergency procedures performed by each emergency department. In order to ensure the reasonableness of the study and evaluation, these phases were set in accordance with field investigation results and "The Harbin flood emergency plan", "the People's Republic of China Flood Control Ordinance" and "Emergency Response Law of the People's Republic of China", which is shown in Table 1 . 
Evaluation Method
The evaluation of the wargame deduction results could expose vulnerabilities and weaknesses in the emergency plans for various departments. Consequently, amendments are proposed in a timely manner to make emergency plans more reasonable. The evaluation of the emergency evacuation included qualitative and quantitative indicators. These indicators are introduced below respectively.
(1) Qualitative indicators
In a wargame simulated evacuation of an urban waterlogging disaster, qualitative indicators are used to reflect the quality of the emergency response capacity, which is often obtained directly based on the experience or intuitive judgments of emergency management personnel [34] , commonly indicated by "yes" or "no". In order to quantify the qualitative properties, in this study, "ordered" and "not ordered" were scored 1 point and 0 points, respectively. In this study, these indicators include the starting phase t 1 , the ending phase t 2 , the expecting phase t 3 and the sustaining phase h. Since each emergency response unit used a different value for a phase, and orders were given at a different time, therefore, the score for each unit was calculated using a fixed value F for every emergency department. If an order was given too late, it could lead to a large value for the sustaining phase for an emergency response unit to carry out its mandate, thus the score could be biased. During the calculation of the score S for an emergency unit, when h < F, Equation (1) was used; otherwise, Equation (2) was used. This study set F = 8.
When h < F:
When h > F:
where S stands for each emergency scores, h is time, t represents round, F represents the fixed value of the round test.
Developing Approaches for the Regulation of Wargame
Rainstorm Regulation
Rainstorm regulation, as the average intensity of the heavy rains in a closed looped, could be applied to the hyetograph model. Because the rainstorm regulation is related to the historical data of rainfall with different average intensities, Chicago hyetograph model (CHM) is suitable for the rainstorm hyetograph in China. The calculation process is as follows:
a.
According to the formula (CHM), the total precipitation in t time was calculated:
where i is the average precipitation intensity in t time. a, b and c are constants. b.
Instantaneous precipitation intensity in t moment is deduced from differentiation of H.
c. r, the peak value ranges from 0.3 to 0.5 of precipitation intensity, is the actual rainfall events. The t is calculated as follows:
where t b is the duration of rainfall before the peak value, the same as t a after the peak value. d.
Formula (5) is added to Formula (4):
e. Referring to the rainstorm intensity formula:
0.88 (8) where p is the return period (as shown in Table 2 ), t is the duration of rainfall whose unit is hand q is the rainstorm intensity with the unit L/(S·hm 2 ), respectively. Table 2 . Rainstorm intensity and rounds agreement.
Rounds P = 0.5a P = 1a P = 2a P = 3a P = 5a The intervals among rounds is ten minutes.
The Simulation Method of the Wargame a. Mapping the wargame
Patch Grid Plugin is used and introduced to the Arcgis10.2 software (Redlands, CA, USA) in this system, which could be helpful to map the regular hexagon. Before the final wargame map, underlying surface information needs to be related to the wargame map by the attribute relationship in the Arcgis10.2.
b. The decision process of road waterlogging First, we need to determine the precipitation intensity, and build the precipitation intensity decision table based on the rounds of precipitation. Hypothetic deduction time about rainstorm intensity is 5 years, and there are 18 rounds from beginning to the end. The precipitation intensity P could be get from the 18 rounds in the decision table.
Secondly, calculating the loss, e.g., initial losses (interception and depression storage), infiltration losses, the rounds of runoff, displacement in drainage network, as the losses. When the loss is zero, it indicates the road waterlogging is discharged.
The calculation of initial losses. According to the Horton formula and Horton intercept formula, the initial losses are calculated as the formula: where, J represents the amount of rainfall interception; p is rainfall; a, b, n is the parameters.
The calculation of infiltration losses. Due to the runoff coefficient of beton and the pitch, which is 0.9, the infiltration losses are calculated by the following formula:
where, R is the infiltration rate within the grid; P is the rainfall; surface infiltration parameters are generally set to 0.9. The calculation of rounds of runoff. According to the rounds of runoff, the precipitation intensity PD in the round was calculated. P1, represents the precipitation intensity from the first round to the current round. P2, represents the precipitation intensity from the first round to the prior of current round. The comparative analysis is conducted between P1, P2 and initial losses J. When P1 < J, it shows the precipitation experiences initial losses and no runoff appears; P2 < J < P1, there is no runoff in current round, and runoff appears in the middle round with the precipitation intensity PD = (P − J) × 0.9; P2 > J and P1 > J, the precipitation intensity in the current round is calculated as follows:
where PD is the rainfall in each grid; P is the rainfall. The calculation of displacement in drainage network. According to the rainfall characteristics and actual network programme in Harbin City, this research defines the precipitation return period of the underground network as 1, which means T = 1. Hence, the specific flow of the drainage network is calculated as follows:
where q max is the flow; i is the precipitation intensity when the return period is 1; F is the area of the hexagonal grid S; ∅ is the runoff coefficient. Thirdly, calculating the flows and depth of detention seeper and refer to many formulas as following:
Uniform flow velocity formulas in Open-channel flow:
where R is the hydraulic radius; n is the roughness coefficient; i is the hydraulic slope. The formula of hydraulic radius R:
where W and H are the width and depth of flows, respectively. The formula of hydraulic slope i:
where |h 1 − h 2 | and d are absolute elevation value and distance between the adjacent hexagonal grids, respectively. The formula of the flow in each round:
where V is the flow; v is the flow speed, t is the time in each round with the unit is min.
The formula of depth of detention seeper
where h is the depth of detention seeper in hexagonal grid; V is the water accumulation in hexagonal grid, and V = PD − J − R − q max . S is the area of hexagonal grid.
c. The regulation of moving piece
Referring to the "The Art of war 3" from Talonsoft Company (Baltimore, MD, USA) and considering the actual environment in the study region, we designed a hexagonal grid to represent the 260 m distance. When a piece moves a hexagonal grid, it means a piece has moved 260 m. Based on the speed and distance, it could calculate the distance in each round and get the decision processes of different vehicles (Table 3) . Pumping water is the most effective method to address road waterlogging, and the effective and timely drainage of water is the important standard by which to measure urban rescue capabilities. The drainage system contains a pumping station and temporary pumping station with drain waterlogging of 5.5 m 3 /s. Likewise, the drainage system could deploy moving pumping car, emergency pumping, motor-generator, etc. to speed up the emergency response. Combined with the decision in Section 2, the drain waterlogging capabilities are calculated, time and rounds. Hence, the depth of drain waterlogging is defined for real-time computing by the difference values between the drainage waterlogging and the results from Section 2. Each round could be calculated until the waterlogged area is drained. With rainstorm simulation in the 5-year return period, it could be determined that the road waterlogged area will be completely drained by the eighteenth round.
Results
Ha-Erbin is the capital city of HeiLongjiang province in China, and it is located at 125 • 42 -130 • 10 east longitude and 44 • 04 -46 • 40 north latitude (Figure 2 ). The city is the center of politics, economy, culture and transportation in Northeastern China, it has the largest metropolitan area in the region and is also the second largest provincial capital city in terms of expanse and population and one of the top 10 largest cities in China. The city has an area of over 53.1 thousand square km, consisting of eight districts and 10 counties (suburbs). The total population is 10.635 million people, and downtown residents are over 5.879 million people. The average annual rainfall precipitation is 569.1 mm, summer is hot and humid with frequent rains. Major precipitation occurs in June-August, which receives over 60%-70% of total annual rainfall. Because of the rainfall seasonality, rainstorms occur periodically during the summer. During a waterlogging emergency, the resident emergency evacuation process includes the resident evacuation process and the assisting process by government departments. The former includes: receiving waterlogging disaster warning → warning announcement → residents receiving alerts → preparing for evacuation → start evacuation → reach temporary resettlement sites. The latter includes: waterlogging disaster forecasting → warning announcement → emergency orders → emergency services arriving at designated locations → traffic control → search and rescue → assist resident evacuation → reach settlements [34, 35] . When a waterlogging disaster occurrs, in addition to assisting residents in evacuation, it is necessary to mobilize the Armed Police Department, the Police Department, emergency departments, medical departments, supplies department and victim placement management departments to work together to safely complete the resident evacuation [36, 37] . Based on the above analysis and the five basic phases, the government emergency units can be divided into nine deduction seats, in accordance with their respective responsibilities and chain of command, and aligned with the five basic deduction phases.
Preparation Phase Simulation
This phase simulated activities before rain. According to cloud map data, the meteorological department forecasted severe convective weather within the next six hours, and more than 100 mm of rainfall. At this point, a red rainstorm warning was issued, and the warning was sent to the municipal government. The municipal government immediately began to set up an emergency command center, and ordered emergency units to be ready for the emergency response and mitigation efforts. Subsequently, these units initiated the urban waterlogging disaster emergency plan. The numbers of rounds in the starting phase, ending phase, sustaining phase and expecting phase for emergency units involved was set according to the provisions of the emergency plan. The scores for an emergency unit after the deduction were calculated based on either the above Formula (1) or Formula (2). The qualitative indicators were scored according to the above qualitative indicator assignment methods (as show in Table 4 ). On 10 August 2011, the City of Harbin was hit by heavy rain, which lasted about 12 h, and local rainfall exceeded 100 mm. The evacuation process was simulated based on such an example (Figure 3) . During a waterlogging emergency, the resident emergency evacuation process includes the resident evacuation process and the assisting process by government departments. The former includes: receiving waterlogging disaster warning → warning announcement → residents receiving alerts → preparing for evacuation → start evacuation → reach temporary resettlement sites. The latter includes: waterlogging disaster forecasting → warning announcement → emergency orders → emergency services arriving at designated locations → traffic control → search and rescue → assist resident evacuation → reach settlements [34, 35] . When a waterlogging disaster occurrs, in addition to assisting residents in evacuation, it is necessary to mobilize the Armed Police Department, the Police Department, emergency departments, medical departments, supplies department and victim placement management departments to work together to safely complete the resident evacuation [36, 37] . Based on the above analysis and the five basic phases, the government emergency units can be divided into nine deduction seats, in accordance with their respective responsibilities and chain of command, and aligned with the five basic deduction phases.
This phase simulated activities before rain. According to cloud map data, the meteorological department forecasted severe convective weather within the next six hours, and more than 100 mm of rainfall. At this point, a red rainstorm warning was issued, and the warning was sent to the municipal government. The municipal government immediately began to set up an emergency command center, and ordered emergency units to be ready for the emergency response and mitigation efforts. Subsequently, these units initiated the urban waterlogging disaster emergency plan. The numbers of rounds in the starting phase, ending phase, sustaining phase and expecting phase for emergency units involved was set according to the provisions of the emergency plan. The scores for an emergency unit after the deduction were calculated based on either the above Formula (1) or Formula (2). The qualitative indicators were scored according to the above qualitative indicator assignment methods (as show in Table 4 ). On 10 August 2011, the City of Harbin was hit by heavy rain, which lasted about 12 h, and local rainfall exceeded 100 mm. The evacuation process was simulated based on such an example ( Figure 3) . Note: The starting phase, ending phase, expected phase and sustained phase were set based on the specific emergency department, where 99 indicates the ending phase or sustained phase until the end of the simulation. 
Search and Rescue Phase Simulation
When the city waterlogging disaster occurred, the emergency command center began searching, rescuing, and organizing resident evacuations. Police officers arrived at the low-lying areas, controlled road traffic, evacuated victims, counted the number of people, and reported findings to the emergency command center. The ruling group set the location and the number of missing individuals. The armed police department was responsible for search and rescue. The city health department dispatched ambulances and medical personnel to carry out the rescue, including wound treatment and patient transfer. The Hydrology Bureau and the Municipal Water Conservancy Bureau jointly conducted measurement and monitoring of water on roads, and the 
When the city waterlogging disaster occurred, the emergency command center began searching, rescuing, and organizing resident evacuations. Police officers arrived at the low-lying areas, controlled road traffic, evacuated victims, counted the number of people, and reported findings to the emergency command center. The ruling group set the location and the number of missing individuals. The armed police department was responsible for search and rescue. The city health department dispatched ambulances and medical personnel to carry out the rescue, including wound treatment and patient transfer. The Hydrology Bureau and the Municipal Water Conservancy Bureau jointly conducted measurement and monitoring of water on roads, and the results were presented to the emergency command center. Experts recommended rescue plans and a scoring framework according to the real measures, proposed reasonable allocations of emergency personnel and supplies. The municipal electric power department received orders from the emergency command center to start emergency power plans to ensure normal power supply to residents. The armed police, public security bureau, and health bureau were responsible for counting the number of casualties, reporting the statistics agreed upon to the emergency command center, the municipal communist party committee propaganda department made the current emergency relief work and future plans public. According to commands from the emergency command center, the city transport sector transported emergency supplies and rescue equipment to several destinations. The specific deduction process is shown in Table 5 , and the score for each deduction command has been calculated (Figure 4) . 
Reinforcing Repair Phase Simulation
Upon the occurrence of a waterlogging disaster, the emergency command center and the ruling group need to issue reinforcement rescue commands. While rescue departments need to carry out rescue missions, they also have to repair and reinforce rescue equipment, roads and infrastructure, so that secondary damage can be avoided. At this phase, the simulation mainly tests the ability of 
Upon the occurrence of a waterlogging disaster, the emergency command center and the ruling group need to issue reinforcement rescue commands. While rescue departments need to carry out rescue missions, they also have to repair and reinforce rescue equipment, roads and infrastructure, so that secondary damage can be avoided. At this phase, the simulation mainly tests the ability of emergency departments in responding to sudden storm events. The emergency command center continues to monitor waterlogged roads, dam stability and power grid damage to ensure timely repair and reinforcement. The ruling group determines the most appropriate response, based on the nature and location of storm events. In this study, the deduction process was conducted only once. For example, only one incidence of power or communications interruption was incorporated to examine emergency rescue ability in regards to communications or power grid failure. The Meteorological Bureau was charged with monitoring the main road water status and failed sites. Once a fault was detected, mobile monitoring vehicles were sent immediately to the point of failure. The city information commission was responsible for maintaining communication during the emergency rescue, coordinating carriers to dispatch repair vehicles to the point of failure in order to restore the communication network ( Figure 5 ). The emergency command center detected a point of failure, promptly issued emergency orders, and organized emergency units for troubleshooting and reinforcement. The municipal propaganda department broadcasted the current status through television, internet and other means of media. The scores at this phase are shown in Table 6 . 
Placement Phase Simulation
The Placement phase simulated the process in which the emergency command center sends out orders to assist in the evacuation; the Civil Affairs Bureau selected temporary accommodation sites, assisting the Department of Transportation in the delivery of emergency supplies and helping transport victims reach temporary accommodation sites ( Figure 6 ). The Civil Affairs Bureau, the Health Bureau and the Public Security Bureau counted the number of casualties, and reported findings to the emergency command center, waiting for the next command. The specific scoring scheme is shown in Table 7 . Figure 6 . The fight situation in the fourth stage.
Management Phase Simulation
The management phase involves the emergency command center, the sewerage corporation, the Urban Management Bureau, the Health Bureau, the placement center, the Housing Security Administration and the Municipal Propaganda Department. During the management phase, emergency evacuation was basically completed. The finishing works are mainly road water discharge, sanitation, epidemic prevention, settlement management, and reinforcement repair and sending out press releases. The water drainage company removes road water. The Urban Management Department clears roads after water discharge (Figure 7) . The Municipal Health Bureau is responsible for post-disaster epidemic prevention around the waterlogged area to prevent disease outbreak. The placement center assigns residents to temporary housing. Waterlogged houses may not be used due to potential problems. At this time, the placement center and housing security administration are jointly responsible for organizing short-term emergency shelter for residents to ensure the safety of residents. The score scheme is outlined in Table 8 . 
Discussion
The evaluation of simulation results aims to assess the performance of various emergency departments in the process. The higher the score in the assessment, the stronger the emergency department is. The sum of scores for all departments involved throughout the process of simulation 
The evaluation of simulation results aims to assess the performance of various emergency departments in the process. The higher the score in the assessment, the stronger the emergency department is. The sum of scores for all departments involved throughout the process of simulation represents the performance quality of the wargame framework. Using the percentage scoring system, a higher score indicates a better performance of this wargame program, otherwise the program is poor [20] . An evaluation of results can accurately pinpoint wargame loopholes and allow timely adjustments to be made to improve the effectiveness of emergency plans.
The average score for each emergency department is the score accumulated in five phases for one department divided by the number of appearances of the department, that is, S = ∑ S i n , where S i is the score for a command of an emergency department, n the number of commands. The weight was calculated using the analytic hierarchy process, respectively, for emergency services provided. Specific weights, average scores and final scores of various departments and score calculation results were shown in Table 9 Based on the statistics of scores for various emergency departments in the simulation, the scores for various departments in the simulation are given in Figure 8 . This wargame gave an overall score of 96.40 points. In terms of percentile, this score indicates that the simulation scheme is good, suggesting that emergency services may need to improve their emergency rescue capacity in addition to their normal operations, to improve the effectiveness of urban waterlogging disaster emergency evacuation plans for residents.
for various departments in the simulation are given in Figure 8 . This wargame gave an overall score of 96.40 points. In terms of percentile, this score indicates that the simulation scheme is good, suggesting that emergency services may need to improve their emergency rescue capacity in addition to their normal operations, to improve the effectiveness of urban waterlogging disaster emergency evacuation plans for residents. 
Conclusions
Using wargame technology for the evacuation of residents affected by urban waterlogging disasters simulates the "fight" against disasters. It is also an important measure to deduct "reasonable emergency responses" and "emergency response failures". The simulation provides a reliable basis for training emergency response teams and coordinating emergency units. Traditional resident evacuation processes are carried out in accordance with emergency plans. Whether the emergency plans are fully realistic is yet to be tested. Therefore, advanced simulations to find problems in emergency plans or emergency procedures, and fixing problems in time, could reduce loss brought about by disasters. This investigation studied potential issues incorporating both qualitative and quantitative aspects. In determining the various phases of the emergency response process, the main factor considered was the duration taken by an emergency response unit to organize and assist in resident evacuation. The overall duration was the basis for establishing the starting, ending, expected and sustained phases. The settings were somewhat arbitrary. In future studies, in addition to using duration as the standard, we must also consider the coordination capabilities of each emergency rescue and response unit, such that the simulation for starting, ending, and sustained phases is more reasonable. Additionally, this article simulated and evaluated only one waterlogging disaster emergency evacuation plan. In actual operations, all existing emergency plans may be simulated and evaluated to provide a basis for decision-making in resident evacuation.
